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I .____---________- I I I Fig. 6 . S(Fs. P, C), where NPNSZ, is diagonal and C has E-sensor integrity for k = 1 or k = no -1. The controllers in (3.22H3.23 ) are shown in Figs. 6 7 ; these controllers are independent of Fs and FA. In Fig. 6 , CSZ, is an RU-stabilizing controller for P such that Hpc = N~N s z , of the nominal system S ( P , C) is diagonal but H,, of S(Fs, P, C) is not diagonal: From (3.22) , Hpc = PC (I,, 
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Even when none of the sensors fail diagonal entries are all zero. Similar comments apply to Fig. 7 .
An algebraic design method was developed to ensure stability in the presence of either sensor or actuator failures. Two failure classes were considered. All controllers which guarantee stability were characterized and a design method was developed based on diagonalizing certain transfer functions. Future work will extend the failure classes to time-varying and nonlinear perturbations.
Robust Control of Robot Manipulators with Parametric Uncertainty
Keun-Mo Koo and Jong-Hwan Kim
Abstract-This note proposes a robust control law for d i n k robot manipulators with parametric uncertainty whose upper bound is not assumed to be known. The proposed robust control based on the Corless-Leitmann approach includes a simple estimation law for the upper bound on the parametric uncertainty and an additional control input to be updated as a function of the estimated value. Using the Lyapunov stability theory, the uniform ultimate boundedness of the tracking error is proved.
I. INTRODUCTION
Recently Spong [I] proposed a simple robust nonlinear control law for d i n k robot manipulators with parametric uncertainty using the Lyapunov based theory of guaranteed stability. In this scheme, the Leitmann [2] or approach was used to design a robust controller. The novelty of the result in [l] is the fact that the uncertainty bounds needed to derive the control law and to prove Manuscript received May 18, 1992; revised May 7, 1993 and July 2, 1993 uniform ultimate boundedness of the tracking error depend only on the inertia parameters of the robot manipulator. In this approach, however, the upper bound on the parametric uncertainty should be known a priori. This note proposes a robust control law for n-link robot manipulators with parametric uncertainty whose upper bound is not assumed to be known [4] . This is done by introducing a simple estimation law with a dead zone for the upper bound on the parametric uncertainty using the Lyapunov second stability theorem based on Corless-Leitmann [3] . In this scheme, an additional control input Theorem 1: Let E > 0 and choose the estimate b ( t ) of p and the vector function p ( t ) according to (8) is updated as a function of the estimate of the uncertainty upper bound such that uniform ultimate boundedness of the tracking error is guaranteed. The basic control structure is similar to that in [ I] , but the proposed control law needs no prior information about the upper bound on the uncertainty. A similar result was recently presented by where a is a positive constant which is an adaptation gain. Then the control law (5) is continuous and the closed-loop system is uniformly ultimately bounded.
{tlllYTsll 5 E} so that 01, 0 2 is a partitioning of R+ [6] .
Considering the parametric uncertainty, let us define a Lyapunov Spang PI.
ROBUST CONTROL LAW
The dynamic equation for an n-link robot is described by
where the matrix M ( y ) is an n x n inertia matrix, the vector C(y, 4)q represents centrifugal and Coriolis forces, and g(y) is the vector of gravitational forces [8] . It 
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The time derivative of the above equation along the solution trajectories of (6) (1 1) is an n x p matrix of known functions of the generalized coordinates and their higher derivatives.
We assume that there exists an unknown bound on the parametric and when t E 0 2 uncertainty such that
where 80 E RP and p E R+. Since p is assumed to be unknown, p should be estimated with the estimation law to control the system properly. We define the estimate of p as b
( t ) and p(t) 2 p -b(t).
A nominal control vector TO is defined as where ' U i d -114, a = 6, S = + A@, and = q -y d . The Qd is a given twice continuously differentiable reference trajectory, and the gain matrices h and A are positive definite diagonal matrices.
Next let us define the control input T in terms of the nominal control vector TO as where p ( t ) is an additional control input that will be designed tp achieve robustness to the parametric uncertainty represented by 0. Substituting the control law (5) into (l), we obtain where E O ( t ) = ellb(t)II.
Since V < 0 for t E RI, V(-) is continuously decreasing and UP(t)ll cannot be increasing for t E 01. Further 
T, T E R', c ( t ) is a constant and
Remark 1: A smaller E implies that a small tracking error is tolerated and the estimation takes place over a larger total time. A larger total estimation time may cause that b ( t ) becomes a large value, since b ( t ) is estimated by a simple integration-type estimation law (7) . A smaller E and a larger b ( t ) make the control law act as a discontinuous function which may cause chattering, which is shown in Fig. 5(b) and (c) in Section IV. The chattering is a common property in robust control when a small E is used.
Remark 2: In the practical implementation of this scheme, i ( t ) may drift due to unmodeled dynamics and disturbance. To avoid this parameter drift or integral windup in (7), the following a-modification algorithm [7] can be used the trajectory is such that t E 0 2 for all t 2 T.
AN EXTENSION
In the previous discussion, we use a single parameter b ( t ) to estimate the parametric uncertainty, but this may lead to excessive gains. Our controller can be extended to assign different gains to the components of p ( t ) as follows. Let us assume that there exists an unknown bound on each parametric uncertainty separately as
(14)
Let (, denote the ith component of the vector Y T s , choose positive constant E, and define the ith component of the estimate b ( t ) and the control input p ( t ) as 1641 -5 p * , i = 1, 2 , -. . , p .
Then we can also show that the tracking error of each joint is ultimately bounded as in previous section.
Iv. COMPUTER SIMULATION
We consider the two joint planar manipulator shown in Fig. 1 ([l] or [SI) to illustrate the proposed controller performances. Computer simulations have been carried out with the same Spong's robot model and under the same conditions [I] . One (7) and (8) . are i1 = 7.6 x and 42 = 6.5 x and the steady-state estimate is 10.47. The steady-state errors and estimate are smaller and larger than the previous ones, respectively because of the given small E value. In this case, however, some chattering occurs at 0.8 seconds.
v. CONCLUSION AND DISCUSSION
In this note, we have presented a robust control law for robot manipulators based on Spong's work [ 11, in which a simple estimation law for uncertainty bound is proposed to exclude an assumption about the uncertainty bound. The proposed control scheme is easier to design than [I] because the pre-computation of the uncertainty bound is not needed. In practical application of adaptive control, its computational burden and persistency of excitation condition should be considered. In our scheme, since only one parameter, i.e., an upper bound on the uncertainty needs to be estimated using the proposed simple algorithm, it does not require much computation time and the persistent excitation condition. Response when E = 0.1: (a) Tracking errors, (b) Torque input: joint
